Liu R, Juncos LA. GTPase-Rac enhances depolarization-induced superoxide production by the macula densa during tubuloglomerular feedback. Am J Physiol Regul Integr Comp Physiol 298: R453-R458, 2010. First published December 9, 2009 doi:10.1152 doi:10. /ajpregu.00622.2009 Ϫ ) enhances tubuloglomerular feedback (TGF) by scavenging nitric oxide at the macula densa (MD). The primary source of O 2 Ϫ in the MD during TGF is NADPH oxidase, which is activated by membrane depolarization. While Rac, a small GTP-binding protein, has been shown to enhance NADPH oxidase activity, its role in O 2 Ϫ generation by the MD is unknown. We hypothesized that depolarization of the MD leads to translocation of Rac to the apical membrane, and its activation, in turn, augments O 2 Ϫ generation during TGF. We tested this by measuring membrane potential and increased O 2 Ϫ levels during TGF responses in isolated, perfused tubules containing the intact MD plaque. Switching tubular NaCl from 10 to 80 mM, which induces TGF, depolarized membrane potential by 28.4 Ϯ 4.5% from control (P Ͻ 0.05) and O 2 Ϫ levels from 124 Ϯ 19 to 361 Ϯ 27 U/min. This NaCl-induced depolarization and O 2 Ϫ generation were blocked by a Cl Ϫ channel blocker, 5-nitro-2(3-phenylpropylamino) benzoic acid (NPPB; 10 Ϫ6 M). Inhibition of Rac blunted NaCl-induced O 2 Ϫ generation by 47%. When the NaCl content of the MD perfusate was increased from 10 to 80 mM, immunointensity of Rac on the apical side increased from 32 Ϯ 3.1 to 46 Ϯ 2.5% of the total immunofluorescence in the MD, indicating that high NaCl induces the translocation of Rac to the apical membrane. This NaCl-induced Rac translocation was blocked by a Cl Ϫ channel blocker, NPPB, indicating that depolarization of the MD induced Rac translocation. In conclusion, we found that depolarization of the MD during TGF leads to translocation of Rac to the apical membrane, which enhances O 2 Ϫ generation by the MD. glomerular filtration rate; NADPH oxidase; NaCl; translocation THE MACULA DENSA (MD) is a group of specialized epithelial cells located at the distal segment of the thick ascending limb (TAL) that serve as a sensor of luminal NaCl levels. A change in NaCl delivery to the MD results in an adjustment to the tone of the glomerular arterioles, and consequently glomerular filtration rate (GFR), through a mechanism called tubuloglomerular feedback (TGF). The TGF response is initiated by an increase in tubular flow (and consequently in NaCl delivery) to the MD, which in turn initiates a signaling cascade that constricts the afferent arterioles and thereby reduces GFR (3, 22, 29) . This fall in GFR helps restore tubular flow toward normal, thus preventing excessive changes that could lead to perturbations of extracellular sodium and volume (14, 21, 26, 30) . Thus TGF is one of the main mechanisms regulating the renal microcirculation, NaCl excretion, and ultimately blood pressure.
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Our previous studies have shown that superoxide (O 2 Ϫ ) enhances TGF by scavenging nitric oxide (NO) at the MD (18) . The primary source of O 2 Ϫ in the MD during TGF is NADPH oxidase, which is activated by membrane depolarization and enhanced by elevated intracellular pH (15, 16) . Using laser capture microdissection to isolate MD cells from frozen rat kidneys, we found that the MD expresses the NOX2 and NOX4 isoforms of NADPH oxidase, and that NOX2 was mostly responsible for NaCl-induced O 2 Ϫ (32). However, the mechanisms that modulate the activity of NOX2 during NaClinduced activation are incompletely understood. In the present study we evaluate the role of Rac, a small GTP-binding protein that acts as a molecular switch, which activates NADPH oxidase (9), in modulating O 2 Ϫ generation by the MD during TGF. We hypothesized that depolarization of the MD leads to activation and translocation of Rac to the apical membrane, which in turn enhances O 2 Ϫ generation during TGF.
MATERIALS AND METHODS
All experiments were approved by the University of Mississippi Animal Care and Use Committee prior to performing any procedures on animals.
Isolation and microperfusion of the TAL and attached MD. We used methods similar to those described previously to isolate and microperfuse the TAL and attached MD (14, 16, 17) . Briefly, Sprague-Dawley rats were anesthetized with ketamine (50 mg/kg im) and xylazine (50 mg/kg ip). The kidneys were removed and sliced along the corticomedullary axis. Slices were placed in ice-cold MEM (GIBCO, Grand Island, NY) containing 5% BSA (Sigma, St. Louis, MO) and dissected under a stereomicroscope (model SMZ 1500; Nikon). A single superficial intact glomerulus was microdissected together with its adherent tubular segments consisting of the TAL, MD, and early distal tubule. With the use of a micropipette, the sample was transferred to a temperature-regulated chamber mounted on an inverted microscope (Eclipse Ti; Nikon). The TAL was cannulated with an array of glass pipettes. Another pipette was used to hold and stabilize the glomerulus. The sample was arranged so that each MD cell could be clearly visualized on the edge of the glomerulus. The MD was perfused with physiological saline comprising (in mM) 10 HEPES, 1.0 CaCO 3, 0.5 K2HPO4, 4.0 KHCO3, 1.2 MgSO4, 5.5 glucose, 0.5 Na acetate, 0.5 Na lactate, and either 80 (high NaCl) or 10 NaCl (low NaCl). The pH of the solution was 7.4. The bath consisted of MEM and was exchanged continuously at a rate of 1 ml/min at 37°C. The imaging system consisted of a microscope (Eclipse Ti; Nikon), digital charge-coupled device camera (CoolSnap; Photometrics), xenon light (LB-LS/30; Shutter Instruments), and optical filter changer (Lambda 10 -3; Shutter Instruments). Images were displayed and analyzed with NIS-Elements imaging software (Nikon). (14), we added the NOS inhibitor N -nitro-Larginine methyl ester (L-NAME; 10 Ϫ4 M) to the bath and lumen while measuring O 2 Ϫ to eliminate its reaction with NO. Measurement of membrane potential. To study depolarization of the MD during TGF, we measured membrane potential using a voltage-sensitive fluorescent dye, bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC) in the isolated, perfused MD. Once the TAL was perfused, MD cells were loaded with 5 M DiBAC in 0.1% DMSO from the lumen at 37 Ϯ 1°C for 15 min. DiBAC was present in the lumen throughout the experiment. Intracellular dye was excited at 490 nm, and fluorescence emissions were recorded at 510 nm. Square-shaped regions of interest were set inside the cytoplasm of MD cells close to the apical or basolateral membrane, and mean intensity within them was recorded every 5 s for 2 min. Cell membrane potential was expressed as relative changes in DiBAC fluorescence intensity compared with basal.
Measurement of Rac immunofluorescence in perfused MD. The TAL was cannulated and perfused for 30 min at either 10 or 80 mM NaCl solution. The MD was then fixed by adding 4% paraformaldehyde in PBS to both bath and lumen for 30 min and washed for 10 min by adding Tris-buffered saline Tween-20 to the bath and lumen. The sample was permeabilized and blocked with 0.1% Triton X-100 and 3% BSA for 60 min. The MD was incubated with an anti-Rac1 primary antibody (1:1,000) for 60 min from the lumen, followed by incubation with Alexa Fluor 488 rabbit anti-mouse IgG secondary antibody (1:400) for 30 min. Rac immunofluorescence was visualized under a fluorescent microscope. To measure Rac1 translocation, each MD cell was evenly divided into three equal sections: apical, middle, and basal. Rac1 translocation was calculated based on the differences in immunointensity of Rac1 in each section at 10 or 80 mM NaCl. The pH of all the solutions used in tubule was adjusted to 7.4 and the osmolality was adjusted to 180 mOsm with mannitol.
Chemicals. Dihydroethidium, DiBAC, DMSO, pluronic acid, and Alexa Fluor 488 rabbit anti-mouse IgG secondary antibody were obtained from Invitrogen (Eugene, OR). Anti-Rac1 primary antibody was from Abcam. All other chemicals were purchased from Sigma.
Statistics. Data were collected as repeated measures over time under different conditions. We tested only the effects of interest, using a paired t-test or ANOVA for repeated measures. Significance was judged as P Ͻ 0.05.
RESULTS

We first measured changes in membrane potential and the associated changes in O 2
Ϫ production during TGF responses in isolated, perfused MD. Inducing a TGF response by increasing the tubular NaCl concentration from 10 to 80 mM (15, 25) , caused the membrane potential to depolarize by 28.4 Ϯ 4.5% from the control. This was associated with an increase in O 2 Ϫ levels from 124 Ϯ 19 to 361 Ϯ 27 U/min. After obtaining the measurements, the luminal NaCl was switched back to 10 mM for 30 min, and then a second TGF response was induced by again increasing the luminal NaCl to 80 mM. This second TGF response was again associated with membrane depolarization (by 26.5 Ϯ 3.5% from its control value; P Ͻ 0.05, n ϭ 6, Fig. 1A) , and an increase in O 2 Ϫ from 147 Ϯ 25 to 316 Ϯ 32 U/min (P Ͻ 0.01, n ϭ 5, Fig. 1B ), demonstrating that NaCl-induced TGF responses are associated with reproducible depolarization of the membrane potential and increases in O 2 Ϫ levels. In our next series of experiments, we determined whether depolarization was contributing to NaCl-induced increases in O 2 Ϫ levels. For this, we first determined whether depolarizing the MD, via a different mechanism other than increasing NaCl, also elevated O 2 Ϫ levels in the MD. In these experiments, we depolarized the MD using valinomycin (a K-selective ionophore)ϩKCl, which has been shown to induce TGF (23), and measured whether O 2 Ϫ levels changed. Adding valinomycin (10 Ϫ6 M) and 25 mM KCl (maintaining NaCl at 10 mM), caused the MD to depolarize by 35.2 Ϯ 5.1% from the control (P Ͻ 0.05, n ϭ 6, Fig. 2A ), and O 2 Ϫ levels to increase from 115 Ϯ 13 to 314 Ϯ 14 U/min (P Ͻ 0.01, n ϭ 5, Fig. 2B ). These data indicate that depolarizing the MD by either increasing luminal NaCl or by adding valinomycinϩKCl increased MD-induced O 2 Ϫ production. To further establish the role of depolarization on TGFinduced increases in O 2 Ϫ levels, we examined the role of the basolateral Cl Ϫ channel on TGF-induced depolarization and O 2 Ϫ generation. TGF is initiated by an increase in luminal NaCl with the subsequent enhancement in luminal Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC2) activity and an increase in intracellular NaCl in the MD. The increased intracellular Cl Ϫ might stimulate basolateral Cl Ϫ efflux and result in cell depolarization (2, 13) . Therefore, we determined whether blocking the Cl Ϫ channel prevents NaCl-induced depolarization of the MD as well as the associated increase in O 2 Ϫ production. As shown in Fig. 3 , increasing luminal NaCl from 10 to 80 mM depolarized the Ϫ6 M, in the luminal perfusate for 30 min) prevented the depolarization (the membrane potential was depolarized by 9.3 Ϯ 1.4% from the control; n ϭ 5, Fig. 3A ) and the increase in O 2 Ϫ (129 Ϯ 9 vs. 127 Ϯ 6 U/min; n ϭ 6, Fig. 3B ). These data provide further evidence that depolarization plays an important role in NaCl-induced increases in MD O 2 Ϫ .
We next evaluated the role of Rac1 on depolarizationinduced O 2
Ϫ production by the MD. To study whether triggering a TGF response with high NaCl leads to translocation of Rac to the apical membrane, we measured Rac1 immunofluorescence in a perfused MD during a TGF response. Fig. 4 shows representative images that show the intracellular distribution of Rac1 in a MD cell, before and after a TGF response. During perfusion with 10 mM NaCl, Rac was evenly distributed in the MD cells (Fig. 4A) . In contrast, when the NaCl was increased to 80 mM to induce TGF, the immunointensity of Rac on the apical side increased (Fig. 4B) . The average data is depicted in Fig. 5 . The immunointensity for Rac on the apical membrane of the MD, which was 32 Ϯ 3.1% of the total immunofluorescence during perfusion with 10 mM NaCl, increased to 46 Ϯ 2.5% during perfusion with 80 mM NaCl (P Ͻ 0.05, n ϭ 5). This was associated with a decrease in the immunointensity in the middle, from 34 Ϯ 7.9 to 23 Ϯ 1.8% of the total immunofluorescence (P Ͻ 0.05, n ϭ 5). This increase in the translocation of Rac during high NaCl was due to depolarization; translocation was blocked by NPPB, the Cl Ϫ channel blocker. Immunointensity of Rac on the apical side remained at 35 Ϯ 1.6% of the total immunofluorescence in the MD during 80 mM NaCl perfusate in MD treated with 10 Ϫ6 M of NPPB (n ϭ 5, Fig. 5, right) . These data indicate that NaCl-induced depolarization of the MD causes translocation of Rac to the apical membrane. Finally, we determined the role of Rac in modulating depolarization-induced increases in O 2 Ϫ in the MD. For this we investigated whether a Rac1 inhibitor would alter O 2 Ϫ levels during NaCl and valinomycinϩKCl-induced depolarization of MD cells (Fig. 6) . Switching from the low-to high-NaCl perfusate caused O 2 Ϫ to increase from 121 Ϯ 15 to 349 Ϯ 33 U/min. This increase was blunted by 47% after the MD was treated with the Rac1 inhibitor, NSC23766 (50 M intraluminally for 30 min); O 2 Ϫ increased from 127 Ϯ 12 to 247 Ϯ 23 U/min (P Ͻ 0.05 vs. control, n ϭ 5). Likewise, the Rac inhibitor also blunted valinomycinϩKCl-induced increases in O 2 Ϫ by 31%; O 2 Ϫ increased from 124 Ϯ 13 to 271 Ϯ 8 U/min (P Ͻ 0.05 vs. without Rac inhibition, n ϭ 5). These results may suggest that while Rac may not be necessary for depolarization-induced O 2 Ϫ production, it augments depolarization-induced increases in O 2 Ϫ in the MD.
DISCUSSION
TGF is initiated by increasing luminal NaCl and activating the luminal NKCC2, which increases intracellular NaCl in the MD. The increased intracellular Cl Ϫ stimulates basolateral Cl Ϫ efflux and results in cell depolarization (1, 13) . Depolarization of the MD during TGF has been measured with a micro electrode (2) and, as we did previously and in the present study, using membrane potential-sensitive fluorescence dye. Thus, these observations raise the possibility that depolarization may play an important role in TGF. This contention is supported by our previous findings that Cl Ϫ channel inhibitors prevent NaCl-induced membrane depolarization and TGF (23) . Moreover, depolarizing the Ϫ significantly increased (*P Ͻ 0.01, n ϭ 5).
Fig. 3. Cl
Ϫ channel inhibition prevents MD depolarization and O 2 Ϫ generation. A: when the luminal NaCl solution was switched from 10 to 80 mM, membrane potential depolarized significantly. The luminal NaCl was then switched to 10 mM, and a Cl Ϫ channel blocker, 5-nitro-2(3-phenylpropylamino) benzoic acid (NPPB; 10 Ϫ6 M) was added to the lumen for 30 min. When luminal NaCl was increased to 80 mM again, the NaCl-induced depolarization was blocked (*P Ͻ 0.05, 80 mM in control vs. 80 mM in NPPB; n ϭ 5). B: inhibition of Cl Ϫ channels with NPPB (10 Ϫ6 M) blocked NaCl-induced O 2 Ϫ generation (*P Ͻ 0.01, 80 mM in control vs. 80 mM in NPPB; n ϭ 6).
MD with valinomycinϩKCl induces TGF (23) . Thus, these data suggest that depolarization of the MD plays an essential role in TGF. In our present study, we found that NaCl-and valinomycinϩKCl-induced depolarization/TGF were associated with enhanced O 2 Ϫ production in the MD, which confirms our previous study, which provided evidence that the source of the O 2 Ϫ in the MD was NADPH oxidase and that this regulates the responsiveness of TGF (16) . Therefore, it is important to identify the factors that may influence NADPH oxidase activity in the MD.
NOX2 in the MD is the primary source for NaCl-induced O 2 Ϫ generation (32). Activation of NOX2 requires two specialized cytosolic proteins, p47 phox and p67 phox , and the small GTP-binding protein Rac, all of which are translocated to the Fig. 4 . Representative experiment of NaClinduces Rac translocation in the MD. A: when tubule was perfused with 10 mM NaCl, Rac was evenly distributed in the MD cells. B: when tubule was perfused with 80 mM NaCl, immunointensity of Rac on apical side increased. C and D: images of light microscopy of A and B, respectively. G, glomerulus; cTAL, cortical thick ascending limb. Fig. 5 . Depolarization induces Rac translocation in the MD. When the MD was perfused with 10 mM NaCl, immunointensity of Rac among apical, middle, and basolateral sides were not significantly different. When the MD was perfused with 80 mM NaCl, immunointensity of Rac on the apical side was increased from 32 Ϯ 3.1 to 46 Ϯ 2.5% of the total immunofluorescence in the MD, and the middle was decreased from 34 Ϯ 7.9 to 23 Ϯ 1.8% (P Ͻ 0.05 vs. 10 mM NaCl, n ϭ 5). In the presence of a Cl Ϫ channel blocker to prevent depolarization NPPB (10 Ϫ6 M), when the MD was perfused with 80 mM NaCl, translocation of Rac was blocked (*P Ͻ 0.01, 10 vs. 80 mM NaCl; #P Ͻ 0.05, 10 vs. 80 mM NaCl; n ϭ 5). membrane to form the active enzyme (7, 24) . While there are several isoforms, Rac1 and Rac2 appear to be the most important in regulating NADPH oxidase. Rac1 is expressed ubiquitously and is the main Rac GTPase for NADPH oxidase activation in nonphagocytic cells (10) . Rac2 is mainly expressed in phagocytes. Activation of Rac is associated with recruitment of p67 phox (12) , which associates with p47 phox and the cytochrome of the NOX2 complex (5, 6) . NOX1 and NOX3 also require Rac for optimal activity (4, 20) . However, regulation by Rac GTPase does not appear to be required for the function of NOX4, NOX5, or the Duox family members (11, 19) . Thus several pieces of information raise the possibility that Rac may play an important role in regulating O 2 Ϫ generation in the MD. First, NaCl-induced O 2 Ϫ generation in the MD is mediated primarily via NOX2 (32) , which may be regulated by Rac as NOX2 in other kind of cells are. Second, depolarization, which is an important component of TGF, can activate Rac (27, 28) . However, it is not clear whether Rac is involved in O 2 Ϫ generation in the MD. In the present study, we provide evidence that depolarizing the MD with either high NaCl or valinomycin promotes translocation of Rac from the cytosol to the apical membrane. In addition, this translocation is associated with an increase in O 2 Ϫ production during depolarization. Blocking depolarization with a Cl Ϫ channel blocker prevented the translocation of Rac as well as the increase in O 2 Ϫ , suggesting that depolarization may have been the stimuli for Rac translocation.
While blocking Rac1 blunted depolarization-induced increases in O 2 Ϫ , the effect was modest. There are several possible explanations for this. The first is that other sources of O 2 Ϫ (NOX4, xanthine oxidase, COX-2, uncoupled NOS, cytochrome P-450, and mitochondria) may be more important during TGF than Rac-dependent isoforms of NADPH oxidase. We consider this unlikely for several reasons: 1) depolarization-induced O 2 Ϫ is completely abolished by apocynin (a NADPH oxidase inhibitor); 2) inhibitors of other potential sources (xanthine oxidase, COX2, NOS) did not significantly alter O 2 Ϫ levels; and 3) blocking NOX2 in a MD-like cell line (MMDD1 cells, which are very similar to MD cells isolated via laser capture microdissection) with siRNA completely blocked NaCl-induced increases in O 2 Ϫ , suggesting that most (if not all) of the increase in O 2 Ϫ , was dependent on NOX2 (16) . Taken together, the data suggests that depolarization-induced increases in O 2 Ϫ are via NOX2, although we cannot completely rule out a role for Rac-independent oxidases.
A second potential reason for this partial effect of the Rac-1 inhibitor on NOX-derived increases in O 2 Ϫ is that Rac may be a catalyst that augments depolarization-induced NOX activity in the MD, rather than an essential component for the activation of NOX. Indeed, there are studies suggesting that Rac only mediates part of the effect of NOX (31). Finally, it is possible that we may not have achieved complete blockade of Rac1 within the time constraints imposed by our experimental preparation. However, despite the modest effect of Rac1 blockade on O 2 Ϫ levels, we did achieve complete blockade of depolarization-induced translocation of Rac. This suggests that the increase in NOX activity during Rac1 blockade was due to Rac-independent activation of NOX and not because of incomplete blockade of Rac.
In conclusion, we found that depolarization, by either a highNaCl perfusate or valinomycinϩKCl, leads to translocation of Rac to the apical membrane of the MD. This translocation is associated with enhancement of depolarization-induced O 2 Ϫ generation by the MD. The source of the depolarization-induced O 2 Ϫ in the MD is not completely established, but is likely NOX2.
Perspectives and Significance
Depolarization-induced activation of RAC/NOX2 augments O 2 Ϫ generation by the MD. This increase in O 2 Ϫ may, in turn, quench NO at the MD and thus enhance TGF responses, raising the possibility that Rac-enhanced increases in O 2 Ϫ during TGF responses may lead to increased TGF sensitivity and abnormal sodium handling observed during certain conditions associated with elevated oxidative stress, such as during hypertension, heart failure, acute renal failure, and cirrhosis. Therefore, it will be important to further delineate the regulation of this pathway (including interactions with Rac2) to determine whether abnormalities in it contribute to pathologic conditions and perhaps to identify novel therapeutic targets.
